Проведено експериментальні дослідження параметрів порш невого двигуна 1Ч 6,8/5,4 з примусовим запалюванням при робо ті на етанолі з різними добавками синтезгазу до 10 %.
Introduction
Today and over the coming decades, promising types of engines for small and medium-sized transport installations are considered to be the diesel engines and the forced spark ignition engines. Operation of such vehicles leads to air pollution, as well as increases the greenhouse gases in the world. Given this, the main task in the development of transport energy engineering appears to be ensuring efficient operation of engines that use alternative fuel [1] [2] [3] [4] .
The transportation engines could utilize as an alternative fuel ethyl and methyl alcohols, vegetable oils, hydrogen, biodiesel, liquefied or compressed natural gas, the synthesis gas.
Application of alcohols, particularly ethanol, in transport energy engineering is of interest since it is an alternative to fossil fuels for internal combustion engines [5] . Ethanol is a renewable fuel, which is typically obtained by fermenting the agricultural biomass, the waste of wood, sugar, food industries.
The fuel used directly determines the environmental level of engines, that is, the degree of negative effect on the environment: flora and fauna, humans, architectural structures. In addition to standard harmful components in the exhaust gases from engines operated on fossil fuels, there is a group of components related to greenhouse gases. The greenhouse gases include water vapor, methane, CFCs, carbon dioxide СО 2 and some other compounds. Increasing the amount of carbon dioxide leads to an increase in the so-called greenhouse effect, which may affect a climate change on our planet. In contrast to fossil fuels, the carbon dioxide released during ethanol combustion does not increase the greenhouse gas emissions. The carbon atoms, obtained during ethanol combustion, represent the atmospheric carbon dioxide, restored by plants, from which ethanol was obtained (a reversible process).
Literature review and problem statement
Ethanol has several advantages for transportation ICE: it is less toxic than gasoline, easily biodegradable, it is a renewable fuel, and improves environmental performance of the engine [6] . However, despite significant benefits, ethanol has its drawbacks, which hinder its widespread use in piston engines. The main disadvantages are associated with differences from petroleum fuels in terms of physical-chemical properties, which makes it necessary to introduce significant structural changes to the engine design. Thus, paper [7] discovered that the application of benzoethanol mixtures with large concentrations of ethanol as fuel in gasoline engines is preceded by a serious structural refinement of ICE systems, namely the use of a variable valve timing mechanism, employment of starting preheaters, change in compression ratio, improvement of exhaust system.
One of the problems when using ethanol is the start of the cold engine. At a low temperature of the fuel, there is insufficient evaporation to form a combustible mixture, which makes it difficult to start the engine at an ambient temperature below +15 °C. In the United States, this problem is addressed by introducing additives of gasoline to ethanol (15 % of gasoline in a blend), which contributes to the combustion of ethanol at a low temperature of the environment.
The lowest calorific value of methanol is 15.9 mJ/l; ethanol -21.3 mJ/l, which is significantly less than that of conventional gasoline (32 mJ/l). In order to achieve similar thermal efficiency in the use of alcohol fuel, it is necessary to increase its consumption. Ethanol is also capable of absorbing water. Paper [8] investigated in detail significant corrosive effect of an alcohol fuel on the fuel system. One of the promising techniques that eliminate most of the disadvantages of ethanol application in ICE is to use it in the form of the synthesis-gas, obtained by thermochemical conversion. The synthesis-gas is a mixture of flammable gases whose main components are СО, Н 2 , СН 4 , C 2 H 4 , C 2 H 6 . A significant disadvantage, limiting the widespread use of the synthesis-gas as an independent fuel for ICE, is a lower specific heat of combustion (25...30 mJ/kg) compared to traditional fuels, resulting in reduced engine power. A possible way to deal with the problem related to the loss of power when the engine is fueled by the synthesis-gas is to use the synthesis-gas as an additive to primary fuel at partial loads.
Paper [9] describes in detail the process of combustion of diesel fuel with micro additives of the synthesis-gas; there is, however, no analysis of the impact of additives on the indicator and effective performance indices of the engine. Study [10] investigated engine operation on the synthesis-gas, obtained by the conversion of methanol. The authors built experimental indicator diagrams and gave characteristics of heat release at combustion. However, there is no analysis of change in the power of engine performance when using the synthesis-gas. Papers [11, 12] focused on studying the change in the environmental parameters of the engine; in this case, a change in the parameters of the working cycle and their impact on effective indicators have not been explored.
An analysis of the scientific literature revealed that considerable attention has been paid to experimental investigations of the influence of synthesis-gas on the organization of ICE operating process. We, however, could not find sufficient and reliable experimental and theoretical data on peculiarities in the organization of a working cycle of engines operating on ethanol with additives of the synthesis-gas. In addition, the processes that occur in ICE at combustion, as well as the relationship and influence of the amount of additive of the synthesis-gas on the main parameters of engines working cycle, have remained insufficiently examined.
The aim and objectives of the study
The aim of this work is to study operating parameters of the spark-ignition engine, as well as patterns in the combustion process when using the additives of synthesis-gas to ethanol.
To accomplish the aim, the following tasks have been set: -to design an experimental bench and a system of measurements;
-to build reliable indicator diagrams for the piston engine operated on ethanol with various additives of the synthesis-gas;
-to process the indicator diagrams, as well as the results of direct measurements, to determine the effect of additives of the synthesis-gas to ethanol on engine performance.
Description of the bench and the procedure for conducting experimental study into engine parameters
The actual processes of ICE working cycle, especially the combustion process, depend on many factors in the chemical kinetics of fuel burning, thermodynamics and gas dynamics, heat and mass transfer, and many others. Especially complicated is the process of combustion of the synthesis-gas, primarily due to the presence of many components in the composition, which, in turn, affect the process in a different way.
It is not always possible, by using mathematical modeling based on classical differential equations, to describe actual processes occurring in the working cylinder, elements of the exhaust gas tract, and a power plant in general. Therefore, mathematical models require the application of certain assumptions, empirical equations and constants, derived experimentally. Experimental method makes it possible to validate the assumptions adopted, to complement a mathematical model with empirical coefficients and dependences for each particular case, as well as to confirm the adequacy of the model in general and to define the limits of its application.
To conduct experimental study into the working cycle of ICE operated on ethanol with additives of the synthesis-gas, we designed a bench based on the engine with external mixture formation 1Ch 6.8/5.4 (Fig. 1 ). This is a four-stroke petrol engine, which runs on a generator of electric current. The engine 1Ch 6.8/5.4 can operate both on pure ethanol and a mixture of ethanol and the gaseous synthesis-gas, obtained from the thermochemical disposal of flue gas heat. Depending on engine load and the amount of utilized heat of exhaust gases, an additive of the synthesis gas to ethanol may vary.
The engine 1Ch 6.8/5.4 is loaded by a regular AC generator. The resulting electrical power arrives to the unit of heaters through a load control system. Value of voltage is determined using a voltmeter. The experimental bench is equipped with the following instruments: a tachometer to determine the number of revolutions of the engine crankshaft, instruments to measure the temperature of exhaust gases in cylinders. To determine the air flow rate through the engine, the gas meter RG-40 is mounted at the inlet. To acquire the indicator diagrams from the engine 1Ch 6.8/5.4, we used the specialized dynamic pressure transducer of continuous action Kistler 7613C. It does not require additional cooling and can be applied at a temperature of 350 °C. In order to obtain reliable indicator diagrams, the sensitive element of the sensor (Fig. 2 ) was placed as close as possible to the combustion chamber; in this case, the compression ratio did not change. The pressure sensor was screwed into the engine head via a bronze reducer (Fig. 3) . Results of measurements of the indicator pressure were transmitted to the data processing microprocessor with a galvanic isolation of type AI8S-5A to be processed using the FASTWELL software and recorded into a PC.
Experiments were performed at an ambient temperature of 298 K, atmospheric pressure 101 kPa, using the petrol AI-95 according to GOST 4840-2007 (complies with the European standard EN 228-2004), using ethanol according to GOST 4221-2003, and the synthesis-gas (% content by volume: СО = 34 %, Н 2 = 43 %, СН 4 = 23 %). The estimated lowest specific calorific value of synthesis-gas combustion is 28.79 mJ/kg. The values for parameters of the environment and the synthesis-gas composition were constant during study.
Results of experimental study into engine parameters operated on ethanol with additives of the synthesis-gas
Results of experimental study into parameters of the engine 1Ch 6.8/5.4 operated on ethanol are shown in Fig. 5 in the form of a fragment of the consistently measured indicator diagrams. These diagrams quite clearly demonstrate stability of the engine operation under mode and their quality. Fig. 6 show the processed (expanded and collapsed) indicator diagrams for different modes of engine operation. In this case, the ignition advance angle Θ = 20° c.s.r., excess air coefficient α = 0.98...1.04, and the engine crankshaft rotation speed n = 3,000 rpm. Results of experimental study into engine operation on ethanol with additives of the synthesis-gas in the amount of 2.1…6.5 % by weight are shown in Fig. 7 in the form of a fragment of the consistently measured indicator diagrams. Fig. 8 show the processed (expanded and collapsed) indicator diagrams for various operation modes. In this case, the ignition advance angle Θ = 20° c.s.r., excess air coefficient α = 1.05...1.18, the engine crankshaft rotation speed n = 3,000 rpm. Indicator indices characterize the perfection of the work cycle and take into consideration only the thermal losses in the cylinder. Effective indicators, in addition to thermal losses, account for the mechanical losses that form when the energy of gases expansion is transferred through the piston and crank mechanism to the engine crankshaft. Processing the indicator diagrams, shown in Fig. 8 , will make it possible to acquire data on the progress of ICE working process and its main indicators.
Discussion of results of studying the influence of additives of the synthesis-gas on engine operating parameters
An analysis of indicator diagrams revealed that the presence of the synthesis gas in a fuel/air mixture leads to an increase in the maximum combustion pressure by 12 % and shifts it toward the upper dead point (UDP) by 7° of crankshaft rotation. These factors did not lead to the more rigid engine operation because the dynamic loads on the parts of the crank mechanism are not exceeded. A further increase in the amount of additive of the synthesis gas to ethanol (larger than 10 %) without the adjustment of excess air coefficient upwards and the ignition advance angle downwards might adversely affect engine operation.
Processing the indicator diagrams allowed us to derive dependences of change in the indicator indices of engine operation cycle (specific fuel consumption, efficiency coef ficient, mean pressure, cycle work) on an additive of the synthesis-gas (Fig. 9 ). An increase in the amount of additive of the synthesis-gas leads to an increase in the indicator efficiency coefficient and to a decrease in fuel consumption. Fig. 10 shows dependences of change in the specific effective ethanol consumption under various operating modes depending on an additive of the synthesis-gas. The large content of hydrogen in the synthesis-gas composition significantly improves the combustion process that is clearly represented by the increased indicator engine efficiency and by the reduced specific fuel consumption. Depending on the amount of additive of the synthesis-gas, a reduction in the specific effective fuel consumption occurs under all operating modes and equals 2.5…12.4 %. The improved engine efficiency is also affected by the expansion of ignition limits for a fuel/air mixture. An increase in the cycle efficiency coefficient with the increase in α is associated primarily with the reduction of heat capacity and heat content of combustion products, which in turn reduces the proportion of thermodynamic losses.
The obtained experimental data make it possible to identify a number of equally important indicators that characterize separate stages in a working process. Thus, by the in-depth exploration of the operating cycle in terms of processes, one can define filling ratios η v and residual gases γ r , the mean pressure at pumping moves p pm , indicators of compression polytrope n 1 and expansion polytrope n 2 and so on. The obtained experimental data can be considered with a sufficiently high degree of accuracy to be correct for engines with spark ignition and a cylinder volume of 190...250 cm 3 . As evidenced by common practice, application of the results obtained for engines with a high volume of cylinder is feasible, but it would be promising to conduct such studies into engines with a higher volume of cylinder. Experimental studies were carried out using the engine with external mixture formation, which in turn led to some reduction in the effective engine power. That, however, can be resolved quite simply in the longer term by the application of internal carburetion (injection of the compressed synthesis-gas into the engine cylinder at closed intake and exhaust valves). The effective engine performance indicators are also significantly impacted by the ignition advance angle, compression degree, excess air ratio, camshaft phases. Studying the effect of the specified parameters on engine operation looks promising; the results could significantly complement the already obtained results.
Conclusions
1. The experimental installation and a measuring system based on the engine 1Ch 6.8/5.4 have allowed us to identify changes in the basic parameters of the engine operated on ethanol with additives of the synthesis gas in terms of a loading characteristic. We also acquired the indicator diagrams of engine operation at a different amount of an additive of the synthesis-gas to ethanol.
2. It was established that the engines with spark-ignition operated on ethanol with additives of the synthetic gas in the amount to 10 % demonstrate a decrease in the indicator work; in this case, there is also a drop in the specific indicator fuel consumption. A decrease in the indicator engine performance can be resolved by varying the synthesis-gas feed under different modes, namely small amounts of additive of the synthesis-gas for heavy loads, and maximal amounts at low loads.
3. A significant amount of the synthesis-gas additive to ethanol results in an increase in the maximum pressure of combustion by 12 % and its shift towards the upper dead point at 7° c.s.r. In this case, the coefficient of excess air is 1.05...1.18. Increasing the additive of the synthesis-gas to ethanol by larger than 10 % requires adjustments of excess air ratio and the ignition advance angle. When using the synthesis-gas additives to ethanol, the ethanol specific effective consumption reduces by 2.5...12.4 %.
